ABSTRACT. This study was realized to evaluate prediction models for body weight (BW) using body measurements as heart girth (HG), wither height (WH), hip width (HW), body length (BL) and hip height (HH), and develop new Equations to predict the BW of Holstein and crossbred heifers. Prediction Equations (1, 2, 3, 4, 5 and 6) proposed in previous studies were tested, while body measurements, which were more significant in terms of predicting BW, were used to obtain new Equations. Heart girth was the body measurement with the greater correlation with BW. Equation 4 presented the best prediction results, showing a low average deviation, high accuracy and precision. Equations 1 and 2 predicted with a high presence of bias, while 2 had the lowest value of the concordance correlation coefficient and a great contribution made by systematic error. The 3 model presented a high variability in predicting BW. For both Holstein and crossbred heifers, the Equations evaluated are inadequate for predicting BW. Among the Equations evaluated, the model using HG presented the best adjustment and the greater adjusted coefficient of determination. Body measurements relating to HG and BL were the most significant variables in predicting the BW, resulting in the following Equation: BW = -372.89 + 2.8072 × HG + 1.6087 × BL.
Introduction
Besides monitoring the nutritional quality of feeds, weight gain in animals should also be monitored in order to optimize dairy production. However, dairy producers have reported that weighing animals is timeconsuming and costly (Heinrichs, Rogers, & Cooper, 1992) . Thus, the estimation of body weight by using body measurements should help to solve such a problem, especially in production systems lacking weighing facilities.
Previous studies have investigated the correlation between body measures and weight prediction in dairy cattle (Heinrichs et al., 1992) . The main body measurements used to predict the weight of dairy cattle are: heart girth, wither height, hip width, body length and hip height with Equations proposed by Heinrichs et al. (1992) and Reis et al. (2008) . Although there are some differences regarding the measures, greater accuracy and precision are obtained when more than one variable is considered in the model (Reis et al., 2008) . Additionally, regression procedures used to obtain relationships between body weight and body measurements may be affected by the breed, age, body condition and physiological state of the animal (Heinrichs et al., 1992) , which justifies the use of different prediction Equations for each heifer class.
The objective of this study was to evaluate Equations to predict body weight of dairy heifers based on the following body measurements: heart girth, wither height, hip width, body length and hip height.
Material and methods
The experiment was conducted at the dairy cattle research facility of the Universidade Federal de Viçosa, Brazil. The body weight (BW) and body measures of 12 Holstein and 12 crossbred (Holstein×Zebu) dairy heifers in feed lot were assessed. The weights and body measures were monitored four times in each animal and performed with a one-month interval, with 96 replications in total. All animal care procedures were approved by the Animal Ethics Committee of the Universidade Federal de Viçosa, which is registered under the protocol number 26/2013.
Heifers were weighed on a mechanical scale, while tape measure was used for heart girth (HG) and body length (BL) measurements. Wither height (WH), hip width (HW) and hip height (HH) measurements were obtained with a metric measuring stick. The measurements were carried out on the animals in a 'forced station', with anterior and posterior members perpendicular on a flat floor, forming a rectangular parallelogram support base. For each biped, when seen in profile, each limb concealed the other and when seen from the front/back, the members were upright and equally supported on the floor (Hoffman, 1997) .
Measurements were correlated with the respective animal weights by Pearson correlation and data were submitted to an analysis of linear and quadratic regressions. Prediction accuracy was assessed by the coefficient of determination adjusted for the degrees of freedom.
The prediction Equations of BW proposed by Heinrichs et al. (1992) were evaluated based on the variables HG, WH, HW and BL, described as The prediction Equations were tested for all animals and then separately for crossbred and Holstein. They were all based on the correlation between the predicted values and the observed values by adjusting a simple linear regression for predicted values over observed values (Mayer, Stuart, & Swain, 1994) , with estimates of the regression parameters tested by the joint hypothesis Ho: β0 = 0 and β1 = 1. The Model Evaluation System program was used in the statistical procedures in order to validate the Equations. The critical probability level for a type I error was 0.05. The adjusted coefficient of determination (R2) was used as a precision predictor, while Equation accuracy was estimated according to Liao (2003) . The concordance correlation coefficient (CCC; Lin & Torbeck, 1998) was also estimated and used to combine measures of both accuracy and precision. Mean squared prediction error (MSPE) was split into squared bias (SB), systematic error (SE) and random error (RE), according to Bibby and Toutenburg (1977) .
From the values obtained for body measurements and BW, prediction Equations were made in relation to body measurements. The BW prediction Equations were initially adjusted as a function of each body measurements (WH, HH, HG, BL and HW). They were then adjusted by a mixed model, considering breed (Holstein and crossbred) as a fixed effect and body measures as a fixed quantitative variable. The animals and the experimental periods were adjusted as random effects models (repeated measures). Both linear and quadratic effects of body measures were assessed with their respective interactions with the genetic group. When no significance was observed for these factors, they were removed from the model. All data with Student residual > | 2 | were excluded as outliers.
A stepwise procedure was performed with variables WH, HH, HG, BL and HW (linear and quadratic effects) as heifers' BW predictors. The variables with a significance level > 0.001 were retained in the model. The same procedure was then used to obtain multiple regressions using the mixed models described above. 
Results and discussion
There was a high correlation between body measures and animal BW (Table 1) . Among the variables studied, HG had the highest correlation (r = 0.9386; Table 1 ) with BW prediction (Heinrichs & Hargrove, 1987; Hoffman, 1997; Reis et al., 2008) . This demonstrates that BW estimation using body measures is credible, especially when the HG measure is considered. The joint evaluation of the intercept and slope coefficient in the regression Equation for observed versus predicted values for BW (Table 2) rejects the null hypothesis (p < 0.05) for all Equations. This shows that the Equations are inadequate for BW prediction in growing dairy heifers, as well as indicating that the proposed Equations should be better evaluated. For BW prediction in growing dairy heifers, the main problem was found with Equation 2, in which weight prediction was based on WH. This Equation overestimated animal weight by 58.6 kg. The weak correlation with weight (0.8246) may explain the high bias observed in the model (Table 1 ). The 2 model also had the lowest CCC value and a great contribution in terms of SE. This was considered undesirable, since it represents the direction error (29%) in the MSPE decomposition.
Equations 1 and 2, using HG and WH, respectively, showed SB prediction. Equation 4 had the best prediction results. In the Equations proposed by Reis et al. (2008) , lower bias was observed when compared to the Equation suggested
by Heinrichs et al. (1992) , which is associated with a higher RE in MSPE.
Empirically based regression Equations, as suggested by Heinrichs et al. (1992) and Reis et al. (2008) , are population-dependent. These models are based exclusively on experimental data and not necessarily on theories or biological basis. Therefore, even when there is good data adjustment, the model should be considered specifically under the conditions of data collection. In this case, the prediction ability may be limited (Dijkstra, Forbes, & France, 2005) .
The SB prediction constituted the main factor affecting prediction quality in Equations 1 and 2 for growing dairy heifers. Equation 4 had low average deviation, high accuracy and precision, with the greater error proportion of the model focusing on RE, which in turn demonstrated a well-controlled model. Therefore, the Equation using BL is the most recommended among those proposed by Heinrichs et al. (1992) .
In the Equations proposed by Reis et al. (2008) , although there is no accurate BW estimate, these models are the closest to the real values, with weight overestimations of 7.2 and 5.3 kg, respectively, for growing dairy heifers. It can be noticed that high SE values were obtained for these Equations: i.e., 20.5 and 40.2%, respectively (Table 2 ). These models, however, indicated higher REs: i.e., 64.3 and 52.2%, respectively.
Little dispersion in Equations 1, 5 and 6 occurred because they consider HG, which is a measure with a higher correlation when considering BW. Although this greater precision can also be observed in the high value for R 2 , data are below the line of least squares, which can also be observed in the negative average deviation of these models (Table 2) . Among all the assessed Equations, the 4 model is the most recommended for estimating BW in growing dairy heifers.
There was little data dispersion in Equations 1, 5 and 6 (Figures 1a, 1e and 1f) . Equations 2, 3 and 4 predicted weight with greater variability (lower R 2 ), producing estimates with high bias proportions. Figure 1a also shows a high proportion of SE in the HR model (Figure 1b) . A joint evaluation of the intercept and slope coefficient of the regression Equation (observed values versus predicted BW) for Holstein and crossbred animals separately (Table 3) shows the rejection of the null hypothesis (p < 0.05) for all Equations. This initially indicates that the evaluated Equations are inadequate for BW prediction in both genetic groups.
It was observed that the Equations proposed by Heinrichs et al. (1992) , which were used for crossbred animals (Table 3) , had a higher bias (SB) in prediction. Among the tested Equations, 2 and 3 had the best predictions, which can be observed in the CCC value being closer to 1. However, there was still great data dispersion, which can also be observed in the low R 2 . The lowest dispersion was found for Equations 1, 5 and 6 (Figures 2a, 2e and 2f , respectively). In growing crossbred heifers, a higher bias in prediction was the main factor affecting the quality of BW prediction Equations by Heinrichs et al. (1992) . Equations 1, 5 and 6 had the lowest dispersion, likely explained by the fact that HG was used as the body measure, which has the greater correlation with BW. Caution should be exercised when using Equations developed for Holstein animals in crossbred animals, as they can be associated with high prediction errors.
The Equations developed by Reis et al. (2008) presented a lower bias, which is associated with a greater contribution of RE in MSPE (Table 3) has satisfactorily estimated the BW of crossbred heifers, demonstrating high precision, accuracy and a higher proportion of prediction errors concentrated within RE.
The joint evaluation of the intercept and slope coefficient in the regression Equation for observed versus predicted values for BW (Table 3) in Holstein heifers also rejects the null hypothesis (p < 0.05) for all Equations. This also indicated that evaluated Equations are inadequate for predicting BW in growing Holstein dairy heifers. It was observed that there is a high bias in the BW prediction in Holstein heifers (Table 3) . Excepting Equation 1, all Equations showed low accuracy, even with high precision, which resulted in low CCC values. Equation 1 had the lowest bias and greater prediction of RE associated with the highest CCC. Equation 3 had the worst adjustment with both systematic and bias prediction errors, reflected in the distance between the points on the line (Figure 3 ). In the BW prediction in Holstein heifers, the high bias was the main factor of prediction error in both Equations by Heinrichs et al. (1992) (for Holstein animals) and Equations by Reis et al. (2008) (for crossbred animals). Equation 1 is recommended for BW prediction in Holstein heifers because it had the lowest bias, a greater prediction of RE and a greater CCC.
A lower dispersion (more accuracy) was observed in the Equations 1, 5 and 6 models ( Figures 3a, 3e and 3f, respectively) using the variables most correlated with BW.
Due to a lack of reliable Equations to estimate BW from body measurements, prediction Equations were estimated from measurements obtained in the experiment (Table 4) . The model developed in relation to HG showed better adjustment. Weight estimates based on BL ( Equations were then generated to estimate the weight of Holstein and crossbred animals based on these body measurements (Table 4) . These results may partly explain the differences observed in the validation of prediction Equations for Holstein and crossbred animals (Table 3 ). Among the Equations, the models based on WH had the worst adjustment (AIC = 711.3). Observing the intercept and slope values for the crossbred and Holstein models, the effect is more evident on crossbreds, indicating a high-modulus linear effect. Holstein, however, showed higher weight gain in relation to WH because it has a negative linear effect of lower value. For HH (Table 4) , Holsteins had a concave down curve, which is biologically unexplained. However, the main fact is that the effect was manifested by crossbred heifers with a positive intercept value.
Among the Equations estimated, the model developed from HG indicated better adjustment because it had a lower AIC and a high determination coefficient (R 2 0.90), corroborating several results published previously (Heinrichs & Hargrove, 1987; Hoffman, 1997; Reis et al., 2008) .
Weight estimates based on BL (Table 4 ) are less accurate due to a low determination coefficient (R 2 0.76) and a lower correlation with BW (Table 1) . This may be due to the difficulty in obtaining animal measurements on live animals, which may lead to a high variability in the results. (Table 4 ). Moreover, there are different growth patterns between the genetic groups for this measure.
Although HW was highly correlated with BW (Table 1) , it showed a low determination coefficient associated with a high coefficient of variation (Table 4 ) when compared to other variables. This leads to an inaccuracy in the predicted weights based on this body measure indicator. The intercept and slope values (Table 4) shows that crossbred heifers have more effect on this measure.
The joint assessment of all body measurements using the stepwise procedure produced higher significance in the HG and BL measures. These measures were, therefore, kept in the prediction model, obtaining the final Equation: BW = -372.89 + 2.8072 × HG + 1.6087 × BL.
A lower AIC value was obtained for this Equation (AIC = 633.1), with a correlation coefficient of 0.95 and a variation coefficient of 4.38%, with no breed effect (p > 0.05). The above Equation is the most suitable for BW estimation when compared to other Equations in Table 4 . These data also show that, even though there are discrepancies in the literature concerning which body measure should be considered in the model, accuracy and precision tend to be higher when more than one variable is considered (Reis et al., 2008) .
Conclusion
Equations for body weight estimation proposed by Heinrichs et al. (1992) and Reis et al. (2008) are initially not efficient in terms of weight prediction in growing dairy heifers. Precision was always low in Holstein heifers, with the most appropriate Equation being 1. The most suitable models for crossbred heifers are those proposed by Reis et al. (2008) .
We recommend the use of the following Equation to estimate weight in Holstein and crossbred heifers: BW= -372.89 + 2.8072 × HG + 1.6087 × BL.
